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DYNAMIC IMPACT ANALYSIS OF BAGLESS TRANSFER SYSTEM 3013 CAN
IN DROPS AT VARIOUS INCLINATION ANGLES

Chunyg Gony, Daniei A. Leduc
Savannah River Technology Center
Westinghouse Savannah River Company
773-42A, Room 154
Aiken, South Carolina 29808-0007

Telephone: (803) 725-3167, Fax: (803) 725-8829, e-mail: chung.gong @srs.gov

ABSTRACT

The purpose of this analysis is to provide rational Jjudgment for the
most pernicious impact angle of dropping, A numerical simulation
method, finite element analysis, is adopted for this study. The general-
purpose finite element analysis code, ABAQUS® [HKS, 1998],
facilitates the numerical computation. The geometrical finite element
modcling is developed with the sofiware PATRAN® [MSC, 1999]. The
finite element code ABAQUS® has been verified accerding to the QA
plans,

MATHEMATICAL MODELING

The severity of the damage to the 3013 vessel from a free fall dropisa
function of many parameters, the obvious factors in the modeling are:
geometrical configuration;
material properties of the vessel;
contents in the vessel;
the configuration and distribution of the mass of the
contents;
height of drop;
orientation of the drop
when the vessel reaches the unyielding ground, the
region of contact on the vessel;

8. finite elements selected; and
9. the time integration method applied.

The Hanford Bagless Transfer System (BTS) 3013 vessel is a
truncated bagless transfer can, which is the inner can of the 3013
configuration. The top and bottom ends are considerably different as
shown in Figure 1. This figure also demonstrates the finite element
mesh,
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Figure 1. Finite Element Mesh of the Bagless 3013 Vessel

Without the impact of secondary rebounding drop, the free fall drop of
the vessel at any orientation possesses a plane of symmeltry involving
the vertical axis of the vessel, provided that the mass in the vessel is
uniformly distributed. Since the contents mn the vessel are uncertain and
irregular in configuration, the materials inside the vessel cannot be
accurately modeled. Particularly in the dynamic analysis, the
movement of the interior materials will have significant impact on the
extent of damage (o the vessef. In order to demonstrate the physical
effects of the enclosed interior mass, two mathematical models are
developed:

1. The 5 kg mass of the interior material is uniformly
distributed over the entire finite element mesh of the
3013 vessel;

2. A solid steel cylinder of 3 inches in diameter and 5.5156
inches in height is inserted inside the 3013 vessel. The
steel cylinder is free to move inside the vessel during the
impact. The weight of the steel cylinder is 5 kg,

The 3013 vessel is composed of stainless steel type 304L. The
mechanical properties of the 304L stainless steel can be found in
[Sindelar, 1993]. The interior material has a mass of 5 kg. The height
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of the vessel is 9-inch and the outer diameter 4.6-inch. The bottom end
is tapered off to a diameter of 4.1-inch. The thickness of the cylinder is
0.06-inch. The top lid is 0.12-inch thick, whereas the bottom of the
vessel is 0.25-inch thick.

The mechanical properties of the stainless steel and the steel
cylindrical mass are listed in the table:

Table 1. Mechanical Properties of the Stainless Steel and the Carbon

Steel.
Stainless Steel Carbon Steel
Type 3041
Modulus of Elasticity 28.30E+06 30.00E+00
(psi)
Poisson’s Raftio (.30 0.30
Mass Density
2 7.324E-04 7.324E-04
pounds — second
l'nch4

+ In the case when the included mass of 5-kg is uniformly distributed
over the bagless 3013 vessel, the equivalent mass density of the vessel
is 2.872825E-03 [(Ibf-sec’)in*]. The included cylindrical mass remains
in elastic state through dynamic impact process (for conservatism),
However, the bagless 3013 vessel is elasto-plastic with strain
hardening. The stress-strain curve of stainless stee] type 304L at room
temperature is plotted in Figure 2. :

Strevs-Strukn Curve of Siainkess Steel Tipe ML at Room Tenperature 25 * C(77 * K

True Streas {psi;

aw s adn nis 0z 023 w30 53 s o s

Figure 2. The Stress-Strain Curve of Stainless Steel Type 304L
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The whole package will drop from 30-foot and 8-foot elevations to flat
unyielding surface at all possible orientations,

The 3013 vessel is modeled with shell elements (4009 nodes, 3918
elements). The cylindrical mass is modeled with 3D continuum
elements (5539 nodes, 4704 elements). The total number of nodes is
9548 and the total number of elements is 8622. Explicit integration
method is applied to the solution of the dynamic equations.

Since the top and bottom configurations of the 3013 vessel are
different, drop simulations in both directions are considered.

The dynamic impact computation starts at the moment as a corner of
the vessel touches the rigid surface. In the case of uniformly distributed
mass the center of mass is fixed for both top and bottom drops,
Whereas, in the case of a movable cylindrical mass inside the vessel,
the mass center varies as the point of cantact during drop changes.

The initial velocities for the 30-foot and 8-foot drops are computed as
follows:

V30—f00t =y2gh = V2x386.04 x 30 x 12 = 527.2085 inches / second (1}
VS—ﬁm.l = \f?.g = V2x 386.04 x 8 x 12 = 272.2493 inches / second (2)

Let @be the angle of inclined drop of the vessel. The angle is measured
from the vertical axis. Then velocity components in the vertical (V)
and horizonral (V) directions are:

Vv - =V cos{@)
2(30-foor) 30— foor
3)

VA‘(SO—_ﬁ;,ﬁ) = V3O—fa(1.r Sjn(a)

Vi a_ =V cos(A)
(8= foon) 8— foni
)]

Vi(8—foor) = Vg o SIME)

The steel cylindrical mass is free to move inside the bagless 3013 vessel
during the impact process. Nevertheless, in this analysis, the initial
position of the cylindrical mass inside the vessel is specified in each
orientation of drop. The end edge of the cylinder is located at the
corner of the vessel, which is in contact with the rigid surface at the
moment when the bagless 3013 vessel touches the ground from the
drop. The initial positions of the cylindrical mass for top and bottom
drops are shown in Figures 3 and 4 respectively.
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Figure 3, The initial position of the Steel
Cyhindrical Mass inside the Bagless

3013 Vessel for Inclined Top Drops

z

L,

The initial position of the Steei
Cylindrical Mass inside the Bagless 3013
Vessel for Inclined Bottom Drops

Figure 4.

The location and distribution of the included 5-kg mass inside the
vessel shift the center of mass (or gravity) of the bagless 3013 system.
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Table 2. The Center of Mass (or Gravity) of the Bagless 3013 System.

Location or CENTER OF MASS
Distribution of the X Y Z
included 5-kg Mass | (inches) (inches) | (inches)

Uniformly 0.0 a0 4.133172
Distributed over the
Vessel
Cylindrical Mass at
the Top Right 0.5956140 00 5424185
Corner
Cylindrical Mass at
the Bottom Right 0.4094847 0.0 3.109184
Corner

The drop of a package with a sharp commer in contact with a rigid
surface will certainly generate plastic deformation in the area of impact.
The severity of the damage is a function of:

Angle of inclination when the vessel hits the rigid
surface;

2. Position and distribution of the included mass inside the
vessel;

3. The geometric configuration and stiffness distribution of
the vessel;

4. The material properties (particularly in the plastic range)
of the vesgel and the included mass inside vessel; and

5. The height of drop.

The analyses indicate thal the most severe damage to the area of
impact occurs in the neighborhood of a particular inclined drop angle.
The inclination angle that forms with the vertical axis (Z-axis in this
analysis) and the line joining the center of mass (or gravity) and the
corner point, which will first touch the rigid surface during the drop.
This angle of mass center over point of impact varies with the mass
distribution in the vesse! as well as the direction (top drop or bottom
drop) of the drop. The angle of mass center over point of impact for the
four types of combined mass distributions and drop directions are listed
in the table:

Table 3. The Angle of Mass Center over Point of Impact

The Angle of Mass Center
Location or Distribution of Over Point Of Impact
the included 5-kg Mass With respect to the vertical
arxis
(degrees)
Uniformly Distributed over
the Vessel, Top Drop 25.2948
Uniformly Distributed over :
the Vessel, Bottom Drop 26.3808
Cylindrical Mass at the
Top Right Corner 25 4845
Cylindrical Mass at the
Bottom Right Corner 27.8177
RESULTS

The location and severity of impact damage in the vessel from a drop
are a function of many factors as explained previously. The distribution
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and positions of the included mass are certainly important factors. The
four mass distributions and positions selected in this study are very
practical and realistic for the drop tests proposed. Under these
conditions, the dynamic impact may inflict the worst damage to the
vessel during a drop.

Without any knowledge of the contents in the vessel, an assumption of
uniform distribution of the mass over the entire vessel skin is a practical
solution. In the 8-foot drop tests, a steel cylindrical mass is encased
inside the vessel. The cylindrical mass is free to move (both translation
and rotation in all directions) inside the vessel. The initial relative
position of the cylindrical mass inside the vessel will significantly
influence the damage severity of the vessel in a particular drop
orientation. If intuitive perception can serve as guidance, as the vessel
is positioned for drop at a certain angle, the cylindrical mass inside the
vessel would slide to the lowest corner by gravity. These are the initial
positions of the cylindrical mass as shown in Figures 3 and 4.

The cylindrical mass at the vessel corner will provide double impact
(impact from outside rigid surface and impact from the corner of the
cylindrical mass) to the elements at the area of contact. Likewise, the
cylindrical mass absorbs a sizeable amount of energy at the initial
impact and reduces the kinetic energy that would propagate into the
vessel. If the cylindrical mass were attached (o a location other than the
lowest corner in the vessel, the dynamic impact consequence would be
very different during the drop process. The initially high kinetic energy
would mostly dissipated through plastic deformation in the vessel itself
and the cylindrical mass would deliver a second blow upon the vessel.
Hence, the four kinematic conditions suggested carlicr might be the
most realistic and the most detrimental to the vessel with the test
circumstances provided.

The results from these four analyses provide an abundant insight
understanding of the mechanics on the dynamic impact process i an
elasto-plastic medium,

In the theory of metal plasticity the von Mises yield criterion is a
function of von Mises equivalent stress. The plastic strain is expressed
in lenmes of the su-called equivalent plastic strain, which is defined as:

pl_ Eﬂf
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Where, E‘pl Ig is the initial equivalent plastic strain, and de,i’,-’ is the

ij-component of plastic strain rate. In the rate independent plasticity,
the equivalent plastic strain can be put in the form:

In metal plasticity, the plastic volumertric deformation i$ zero.
. . !,
Consequently, the plastic strain component 85 , in essence, can be

replaced with the deviatoric plastic strain component, viz.,

{ [ 1 pr
e =6l —=efi5.. D
3

Thus the equivalent plastic strain in metal plasticity has the form:

A. The Vessel With Uniformly Distributed Mass Drops From
30-Foot on The Top

The mass of the vessel is hcavicr than conventional stainless stecl duc
to the additional 5-kg material distributed over the entire vessel.
However, the strength of the steel remains the same. The kinetic
energy [0.5 * mass * (velocity)’] is increased. The energy dissipated, in
this analysis, will all be plastic eneigy in the defonmed vessel.

The maximum von Mises equivalent stress and the maximum
equivalent plastic strain in the vessel during each drop is listed as
follows:
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Table 4. The Maximum von Mises Equivalent Stress and the Maximum Equivalent Plastic Strain in the Vessel During Each Drop

Drop Angle with Maximum von .
respect to the Maximum Plastic Mises Equivalent
vertical Vessel| Comments Strain In Element Stress In Element at Time
Axis
Degrees (Layer) psi {Layer) milliseconds
0.0 Vertical Top
Down 0. 1480 3532 (5) 78902 3532¢5) 0.5000
207 Inclined Top
Down 0.3760 3420¢1) 124360 3420(1) 2.4000
25.2048| Aligned with
Mass Center, 0.4186 3420 (1) 132110 3420(1) 2.0000
Top Down
30| Inclined Top
Down 0.4507 3420 (1} 134480 3419¢1) 2.1000
32| Inclined Top
Down 0.4549 3420 (1) 136730 3419¢1) 2.0000
33) Inclined Top
Down 0.4499 3420 (1) 134320 3417(1) 2.1000
45 Inclined Top
Down 0.4081 3419(1) 129810 3419¢1) 1.6500
26.3808| Aligned with
Mass Center 0.3508 841 (3) 119940 841(5) 2.7500
Bottom Down

The ultimate tensile strain of the 304L stainless steel is 40%. [t
implies that in those locations the equivalent plastic strains accumulated
above 40% material fracture could be developed. The maximum strains
arc shown at the elemcnts at the junciion of the thick vessel 1id and the
thin cylindrical wall. At 32-degree with respect to the vertical axis of
the vessel, the equivalent plastic strain reaches the maximum value of
45.49%. The angle of 32-degree probably is the angle of drop inflicts
worst damage 1o the vessel, The equivalent plasuc strain in each drop
is plotted against the orientation of drops in Figure 5.

Eguevlent Pladic Straim in the Baglers 013 Can with Caifermiy Destrriwied Moz avcr the Conmainer
EImrtag 30-foot Tup 176eps ot vurious Iachned Agies toulotuted with ABADUS werstan S84 wm Cray
I3l

" - - M i u »
Angie of Dirap wish rrspuct 18 1he Ca At (depre}

Maximum Equivalent Plastic Strain in the

Figure 5.

3013 Vessel with Uniformly Distributed
Mass (5-kg) Plotted with respect to the
Angles of Vertical Up side down (Top)
Drop from 30-foot

The maximum equivalent plastic strain is an essential indicator of the
severity of traumatizing in a structural system during a dynamic impact.
In the 30-foot top drop, the equivalent plastic strain reaches a maximum
value of 0.4549 (45.49%) that is above the ultimate strain 40%. The
highest equivalent plastic strain is in the element that connecting the
thick lip and thinner cylinder wall. The inclination angle for this
maximum strain is 32° from the vertical axis.

The transaction of energies in the vessel system during the dynamic
impact is an important vehicle to the understanding of the mechanical
behavior of the vessel. The time history of the energy fluctuation
during each of the inclined drops is plotted. The vessel has little
recoverable elaslic strain energy in each of the drops. Most of the
kinetic energy is dissipated through plastic deformation,

B. The Vessel With Uniformly Distributed Mass Drops From
30-Foot on The Bottom

As discussed previously, the inclination angte of drop for maximum
damage is in the ncighborhood of the angle that aligns (he center of
mass with the point of impact contact. A bottom drop analysis with the
mass center over the contact point shows the results:
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Table 5. The Maximum von Mises Equivalent Stress and the Maximum Equivalent Plastic Strain in the Vessel During the Dro
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Drop Angle with

respect to the Maximum

Maxinum von

Bottom Down

vertical Vessel Comments | Plastic Strain | In Flement | Mices Fquivalent | In Element at Time
Axis Stress
Degrees {Layer) psi {Layer) milliseconds
Aligned with
20.3808 Mass Center, 0.3508 841(5) 119940 841(3) 2.75

At the bottom neck area where the vessel begins to change diameter. the
vessel has large deformation. The shell is folding and stress is high.
This area without a solid cylinder inside absorbs most of the initial
kinetic energy. The time history of the energies is shown at the end of
this paper.

C. The Vessel With a Steel Cylindrical Mass Drops From 30-
Foot on The Top

With a free-moving solid cylindrical mass (5-kg) inside, the vosscl
will experience multiple dynamic impact. Depends upon the initial
position of the included cylindrical mass, the vessel may have double
impact at the point of first centact 1o the rigid surface. If the cylindrical
mass is not at point of initial impact, thc cylindrical mass may smash
into the vessel in a already deformed region, then the damage could be
mMoOre Serious.

The dynamic effect of the free-moving cylindrical mass inside the
vessel can be perceived in the plot of the waatuiwm eyuivalent plasiic
strain in the vessel, as shown in Figure 5. The maximum plastic strains
in the vessel with free-moving cylindrical mass are much higher than
that in the vessel with uniformly distributed mass. The maximum
wyuivalent plastic sirain in the vessel with uniformly distributed mass is

45.49% at the inclined drop angle of 32°, whereas in the vessel with
solid cylindrical mass inside, the maximum equivalent plastic strain
escalates up to 76.04% at the angle of 20°, The plastic strain is well
above the ultimate strain (40%) of the stainless steel {type 304L).

The non-uniformity of the vessel thickuess and configuration influence
the wave propagation in the vessel. However, the most pronounced
dynamic effect is the free moving cylindrical mass inside the vessel.
The mass center of the cylindrical mass is apart from the mass center of
the vessel and even the mass center of the whole system. Consequently,
the impact force transmitted through the vessel contact surface to the
cylindrical mass inside will induce translation and rotation motion in
addition to elastic deformation in the cylindrical mass. The motion of
the cylindrical mass changes the severity ot damage upon the vessel
during dynamic impact. This result implies that the configuration, mass
density, mechanical properties and the initial position of the included
mass inside the vessel during dynamic impact can significantly impinge
on the damage scenarios of the vessel.

The maximum equivalent plastic strain and von Mises equivalent
stress for each drop condition are listed in the following table,
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Table 6. The Maximum von Mises Equivalent Stress and the Maximum Equivalent Plastic Strain in the Vessel During Each Drop

Drop Angle
with respect Maximum Maximum von
to the Comments Plastic Strain | In Element Mises In Element at Time
vertical Equivalent
Vessel Axis Stress
Degrees {Layer) psi {Layer} milliseconds
0 Vertical Top Down 0.341 3536(5) 109540 3535¢(1) 18
i0 Inclined Top Down 0.5832 3536(5) 142220 35341(5) n7s
20 Inclined Top Down 0.7604 3583(1) 142220 358111} 0.85
21 Inclined Top Down 0.7515 3583(1) 142220 3526 (1) 0.75
25.48446 | Aligned with Mass Center, 0.6854 35831 142220 3530¢1) 0.65
Top Down
30 Inciined Top Down 0.6005 3532(1) 142220 3530(1) 0.7
40 Inclined Top Down 0.0558 3536 (5) 142220 3536 (5) 0.6
50 Inclined Top Down 04786 3536 (5) 141160 3536 (5) 0.75
60 Inclined Top Down 0.6142 3536 (5) 142220 3536 (5) 0.6
70 Inclined Top Down 0.5986 3536 (5) 142220 3534(5) 0.85
80 Inclined Top Down 0.5694 3536 (5) 142220 3534(5) 0.85

The maximum equivalent plastic strains for the top drops from 30-foot
for the vessel with a steel cylindrical mass inside are plotted in Figure
6

Equisalens Phastic Strim i the Buglexs 1173 Can with Steel Crfinddrical Muss inside During 30-fust Tup
Props ot vrteus Inclined Amgles wiih respect o the Vortioal Verset Ane ieolcutated with ABAGUS rersien
S8 an Cray J918)

FTITFET R T T ]

LT

T
SINNTE]

ARfe af Deog mth ceapect to ke Can Asur thegreet)

Maximum Equivalent Plastic Strain in the
3013 Vessel with a Steel Cylindrical Mass
{3-kg) inside the Vessel Plotted with
respect o the Angles of Vertical Up side
down {Top) Drop from 30-foot

Figure 6.

The time histaries of the kinetic, plastic and elastic strain cnergies
during the dynamic impact process witl be saved at the end of this

paper.

D. The Vessel With a Steel Cylindrical Mass Drops From 8-
Foot on The Top

Based upon the concept of linear analysis, the curve of maximum
equivalent plastic strain with respect to the inclined drop angles for the
8-foot drop should have the same pattern as that for the 30-foot drop.
However, in reality, both geometrical and material nonlinearities in the
vessel and the free moving cylindrical mass inside completely modify
the pattern of the curve of maximum equivalent plastic strain. The
maximum equivalent plastic straln and the maximum von Mises
equivalent stress for each drop angle are listed in the table.
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Table 7. The Maximum von Mises Equivalent Stress and the Maximum Equivalent Plastic Strain in the Vessel During Each Drop
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Drop Angle with
respect to the Maximum Plastic Maxintum von
vertical Vessel Comments Strain In Element Mises Equivalent | In Element at Time
Axis Stress
Degrees {Layer) psi {Layer) milliseconds
] Vertical Top Down 0.157 3533 (1) 80868 3533 (i) 0.55
10 Inclined Top Down 0.3242 3536 (1} 115150 3536 (1} 1.55
20 Inclined Top Down 0.3927 3532¢1) 127580 35321} 145
25,4845 Aligned with Mass O.4411 3536 (1) 135400 3334 (1) 1.35
Center, Top Down
26 Inclined Top Down 0.4397 35341 135630 3534(1) 1.6
30 Inclined Top Down 0.4255 3534(1) 132880 3534(1) 155
40 Inclined Top Down 0.373 3534(1) 122410 3536(1) 15
50 Inclined Top Down 0.3816 3536 (5) 125380 35365} 12
60 Inclined Top Down 0.3453 3534¢1) 117530 3532(1) 155
70 Inclined Top Down 0.3309 3534 1) 116330 35341 1.45
80 Inclined Top Down 0.3105 3536¢1) 111370 3534 (1) 1.7

The maximum equivalent plastic strain has a maximum at 25.4845°
that is the angle when the mass center of the vessel and the cylindrical
mass is aligned with the corner of contact to the rigid surface initially
during the dorp.

The motion of the cylindrical mass inside the vessel still causes
fluctuation in the maximum equivalent plastic strain as the inclination
angle increases. However, the magnitude of variation is much smaller
as compared with that of the 30-foot drop. In the 30-foot drops, the
peak of the maximum equivatent plastic strain of each of the mass
distributions (uniform distribution over the vessel and a solid
cylindrical mass inside the vessel) occurs away from the special angle
at which the mass center of the vessel (and the included mass) is
aligned with the initial point of impact during the drop.

In the case of uniformly distributed mass over the vessel, the shift of
the peak of the maximum equivalent plastic strain is mostly due to the
material properties of the stainless steel. The ultimate strength of the
stainless steel type 304L is 142,216 psi (true stress) (or 87,945 psi,
engineering stress). In the numerical modeling {as well as physically
possible), when the kinetic energy (in this anajysis) in the vessel
stresses certain elements in the vessel to the limit of ultimate strength,
the residual energy will deform the vessel much further without
increasing the stress level.

With a solid cylindrical mass inside the vessel, the motion and
deformation of the cylinder will significantly affect the deformation of
the vessel itself. The energy plots for the 30-foot drops show that the
elastic strain energy in the cylindrical mass has a substantial effect on
the history of the kinetic energy in the vessel. Whereas for the 3-foot
drops, the clastic strain cnergy in the cylindrical mass is negligibly
small. Conscquently the existence of the cylindrical mass in the vessel
has little influence on the peak of the maximum equivalent plastic strain
as a function of inclination of drop. The time histories of energies are
saved at the cnd of this papa,

The maximum equivalent plastic strain as a function of the angle of
drop from 8-foot is plotted in Figure 7.

Eguiralcnt Mustic Strain in the Bugiess 1013 Cun with Siec! Cyfindrici Mass inside During 3-foss Tup
Drups ot vmriows Inclined Augics witk respeet t thy Vertical Vossel Axis (calculeted with ABAQUS versien
540 un Cray Juln)

17
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Figure 7. Maximum Equivalent Plastic Strair in the
3013 Vessel with a Steel Cylindrical Mass
{5-kg) inside the Vessel Plotted with respect
to the Angles of Vertical Up side down (T'op)

Drop from 8-foot

E. The Vessel With a Steel Cylindrical Mass Drops From 8-

Foot on The Bottom

By arranging the initial position of the cylindrical mass inside the
vessel at the bottom corner of first impact point, the dynamic
consequence upon the vessel has two major effects.

1. Since the edge of the cylindrical mass is directly at the
point of impact, the cylinder rebounds immediately as
the vessel touches the rigid surface. The subsequent
motion of the cylindrical mass will influence the
deformation history of the vessel.
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2. The cylinder at the point of impact absorbs a sizable
amount of energy and stores as elastic strain energy in
the mass, Initially the kinetic energy transmitting to the
vessel is significantly reduced.

In the top drop case, the scenario is different. The 0.375-inch lip at the
top of the vessel will absorb most part of the energy from initial blow of
dynamic impact. The residual kinetic energy is minuscule in the case of
8-foot drop, such that the cylindrical mass has little deformation and
movement during the dynamic impact process. Whereas in the case of
30-foot drop, the residual energy in the vessel after heavily deformed
the lip, still so powerful that when transmitted to the cylindrical mass,
the residual power deforms the cylindrical mass.
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These physical phenomena of complicated dynamic interaction and
wave propagations are fully divulged in the time histories of energies.

The maximum equivalent plastic strains and the maximum von Mises
equivalent stresses for the bottom drops of the vessel with a steel
cylinder inside are listed in the following table.

The maximum equivalent plastic strain in the vessel varies with the
inclination angle of drop. The peak of the plastic strain is at the angle
27.8177-degree that is the angle when the center of mass is aligned with
the bottom comer of the vessel. The maximum equivalent plastic strain
at that angle is 18.18%, which is well below the ultimate strain {(40%).
The curve of the plastic strain is plotted in Figure 8.

Table 8. The Maximum von Mises Equivalent Stress and the Maximum Equivalent Plastic Strain in the Vessel During Each Drop

Drop Angle
with respect Maximum Plastic Maximum von
to the vertical Comments Strain In Element Mises In Element at Time
Vessel Axis Eguivalent
Stress
Degrees (Layer) psi {Laver) milliseconds
0 Vertical Bottom Down (.032833 3916(1) 52157 3916(1) 2.10
10 Vertical Bottom Down 0.094392 470(35) 66853 470 (3) 010
20 Vertical Bottom Down 0.1518 567(5) 79007 367 (5) 0.25
27.8177 Aligned with Mass Center 01818 567 (3) 86699 567 (5) .45
Bottom Down
30 Vertical Bottom Down 1791 507 (5) 86098 $67(3) 45
40 Vertical Bottom Down 0.1674 367 (5) 83569 567 (5) 0.25
50 Vertical Bottom Down 0.1344 471(1} 46084 335¢(5) 0.25
o0 Vertical Bottom Down 0.098782 567 (5) 67296 367(5) 1.95
70 Vertical Bottom Down 0.091846 519(5} 66045 519(5) a.io
80 Vertical Bottom Down 0.1166 2309(5) 72414 2309 (5) 2.50
Equivalenr Plarwc S{'\I'ﬂ in the Baglere 3012 Cun lilﬁ.f:lrﬂ'[‘[ﬂn‘l‘n‘d lenl.s-‘h lhnn' Afoui Balsem
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Maximum Equivalent Plastic Strain in
the 3013 Vessel with a Steel Cylindrical
Mass (5-kg) inside the Vessel Plotted
with respect to the Angles of Vertical
Bottom down Drop from 8-foot

Figure 8.

For the bagless transfer 3013 vessel with included 5-kg mass of any
configuratien, determining the worst angle of drops is a difficult
question, because all the geometrical configurations and material
properties of the vessel and the included mass have decisive influence
upon the drop results. The mechanical behavior of this dynamic impact
is highly nonlinear that involves both geometrical and material
nonlinearities.

The major factors that influence the drop results:

I.  Mechanical properties of the materials {hoth baglasg
3013 vessel and the cylindrical mass):
Moduli of elasticity

i.
ii.
iii.
iv.
V.

Poisson’s ratios
Yield strength

Ultimate strength
Stress-strain curve (full range of the material

strengths)

2. Geometrical configuration of the vessel and the
cylindrical mass
3. Distribution of the mass inside the vessel
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4. The height of drop that determines the initial kinetic
energy in the system

5. The relative position of the cylindrical mass inside the
vessel

6.  Orientation of the drop
7. Types of Finite Elements selected in the analysis:

i Solid continuum element

ii. Structural shell elements
8. Method of solution

i. implicit integration

ii. explicit integration

Due to computational limitations, this analysis takes advantage of both
solid continuum elements (included cylindrical mass) and structural
shell elements (bagless transfer 3013 vessel). The dynamic impact

Page 10 of 22

analysis adopts the explicit integration methed that saves both computer
memory and CPU time. .

In the case of 30-foot drep, the drop angle for maximum equivalent
plastic strain, which is an important parameter in determining the
severily of damage, is away from the angle that aligns the center of
mass with the point of initial impact in the drop. The difference in the
mass distribution and the motion of the included cylindrical mass cause
the deviation,

In the 8-foot drops, both top and bottom drops, the peaks of maximum
equivalent plastic strain are at the angle that the center of mass is
aligned with the point of initial impact. The motion of the eylindrical
mass inside has little effect on the angle for the most severe damage to
the vessel,

The results for the four cases are listed in the following table:

Table 9. The Final Results,

Drop angle aligned center of Angle of peak
mass with the point of initial maximum equivalent | Maximum equivalent Maximum
impact plastic strain plastic strain equivalent von
Cases (degrees) (degrees) (e} Mises stress
{psi)
30-foot top-drop, Included 5-
kg mass uniformily
distributed over the vessel 25.2948 32 45.49 136,730
30-foot top-drop, a steel
eylindrical mass (5-kg) 25.4845 20 76.04 142,220
inyide the vessel
8-foot top drop, a steel .
cylindrical mass (5-kg) 25.4845 25,4845 44.11 135,460
inside the vessel
&-foor bottom drop, a steel
cylindrical mass (5-kg)
inside the vessel 27.8177 27.8177 18.18 86,699

For 8-foot drops the drop angle with the center of mass aligned with the
point of initial impact is the inclination angle, which will induce the
worst impact damage.

The contour fringe drawings of the equivalent plastic strain and the
von Mises equivalent stress are shown at the end of this paper. The
contour fringe drawings are produced for all the drops and inclination
angles. However, only the above four cases and the 30-foot bottom
drop with uniformly distributed mass are included.
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Figure 9. Time History of Kinetic, Plastic and Elastic Strain Energies
during the Vertical Top Drop from 30-foot
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Time Hislory of Kinetic, Plastic and Elastic Strain Energies in the Bagiess 3613 Con with Unsifarmly
Distributed Mass aver the Comtainer Ducring the 20 degree Inclined Tap Drop froem J0foot
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Figure 10. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 20-degree Inclined Top Drop from 30-foot
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Figure 11. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 25.2948-degree Inclined Top Drop Aligned with Mass
Center from 30-foot
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Time History of Kinctir, Plastic and Elastic Strain Encrgies v the Bagless 013 Can with Uniformly
Distributed Mass over the Contaimer During the Jo-tegree Inglined Top Drop from 30-foot
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Figure 12. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 30-degree Inclined Top Drop from 30-foot
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Figure 13. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 32-degree Inclined Top Drop from 30-foot
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Time Histary of Kinatic, Plastic and Elastic Strain Energics in the Baglers 3013 Cax with Uniformly Time History of Kinetic, Plastic and Etaxtic Straix Energies in the Bagices 3013 Can with Unifermly
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Figurc 16. Time History of Kinctic, Plastic and Elastic Strain Energies

Figure 14. Time History of Kinetic, Plastic and Elastic Strain Energies during the 60-degree Inclined Top Drop from 30-foot
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Figure 17. Time History of Kinetic, Plastic and Elastic Strain Energies
Figure I5. Time History of Kinetic, Plastic and Elastic Strain Energies during the 83-degree Inclined Top Drop from 30-foot
during the 45-degree Inclined Tep Drop from 30-foot
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Tirwe History of Kinetic, Plastic and Elastic Sttuix Energies in the Bagiess 3013 Can with Uniformly
Distributed Mas over the Container During the (263808 degree) Inclined Bottam Drop Afigned with Aass
Center from J0-foot

Enerxy fisch-prunds}

I

an as 1e 15 FL] 25 as
Thne prumseconts)

Figure 18. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 26.3808-degree Inclined Bottom Drop Aligned with Mass
Center from 30-foot

Time History of Kinetic, Plastic and Elastic Stvain Energies in the Bagless 101 Can with a Steel
Cylindricat Mass inxide During the Up-side Dawn Tup Drap from 30-foat {calculared with ABAQUS
versinn 5.8-1 on Cray J416)
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Figure 19. Time History of Kinetic, Plastic and Elastic Strain Energies
during the Upside Down Top Drop from 30-foot
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.
Time History of Kinetic, Plastic and Elastic Strein Energier in the Baglest 3013 Can with & Steel
Cylindrical Mass inside During the 16-degree [nclinod Up-ride Davwn Tap Drop from 30-foot (calcuteted
with ABAQUS verrion 5.8-1 ax Cray J916)
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Figure 20. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 10-degree Inclined Upside Down Top Drop from 30-foot

Tine Hictowy of Kinetiz, Plactizc and Elactic Serain Energies ine the Bagles 3013 Can with a Sreel
Cylindrical Mass inside Dxring the 20-degree Inclined Up-side Down Fop Drop from 30-fout (caicuioted
with ABAQUS version 5.8-1 on Cray J914)
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Figure 21, Time History of Kinetic, Plastic and Elastic Strain Energies
during the 20-degree Inclined Upside Dewn Top Drop from 30-foot
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Time History of Kimetic, Plastic and Elastic Strwin Energies in the Baglers 3073 Cap with « Sterl
Cybindrical Mars inside Duing the 2-degrer Inclined Up-tide Down Tap Drop from 30-foot {calculated
with ABAQUS version 5.8-1 on Cray 1916)
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Figure 22. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 21-degree Inclined Upside Down Top Drop from 30-foot

Tiene Hitstory of Kineeis, Musth und Flasti Stuie Bacrgies in e Bagless 3043 Car with a Seeel
Cylindrical Mass inside During the (25.4845-degree) Inclined Up-side Duwn Top Drop Aligned with Mass
Centet from 30-fuof (ABAQUS version 5.8-1 an Cray J916)
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Figure 23. Time History of Kinetic, Plastic and Elastic Strain Energies
dusing the 25.4845-degree Inclined Upside Down Top Drop Aligned
with Mass Center from 30-foot
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Time History of Kinetic, Plastic and Elattls Strain Encryies in the Bagless 3813 Con with @ Steel
Cylindrict Mirss inside During the Yo-degree Inclined Up-side Dorwr Top Drop from J0-foot (calculaied
with ABAQUS versich 3.8-1 on Cray J9I6)
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Figure 24. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 30-degree Inclined Upside Down Top Drop from 30-foot

Thne History of Kinetic, Plxctic amd Elatic Strafte Encegics in the Bagless 3013 Can with a Steel
Cylindrical Mas imvide During the #-degree Inclined Up-side D Top {rop from J-foot {calculared
_ with ABAQUS version 5,84 on Gray J911)
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Figure 25. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 40-degree Inclined Upside Down Top Drop from 30-foot
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Thase History of Kinetic, Plastic and Elastic Strain Energies in the Bagless 3013 Can with o Steel
Cylindricol Mty insidle During the S0-degree Inciined Up-side Down Top Drop from 30-foor (colcalated
with ABAQUS version 5.8-1 on Cruy J916)
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Figure 26. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 50-degree Inclined Upside Down Top Drop from 30-foot

Tume History uf Kinetic, Plavtic and Elattic Siroin Energies in the Bagless 3013 Can with a Steel
Cplindricat Mass inside During the 60-degree Inclined Up-side Down Top Drop from 30-font tealeuloted
with ABAQUS version 5.%.1 o Cray J916)
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Figure 27. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 60-degree Inclined Upside Down Top Drop from 30-foot
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Time Hisiory of Kinetie, Plastic and Elzstic Strin Enctgles I the Bagless 1013 Con with a Stocl
Cylindrlcod Mezss inside During the 70-degree Inclinad Up-ide Down Top Drap from 30foul (cafcalated
with ABAQUS versions. 2.1 on Cray J918)
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Figure 28. Time History of Kinetic, Plastic and Elastic Strain Energies
during the T0-degree Inclined Upside Down Top Drop from 30-foot

Time Histury of Kinetic, Plastic and Elastic Strafn Energies in the Baglexs 3013 Can with a Sieet
Cylindrical Mass inside Iusing the Bt-degree Inclined Lp-side Down Top Drop from 30-foot (calculured

with ABAQUS vervion 5.8-1 on Cray J914)
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Figure 29. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 80-degree Inclined Upside Down Top Drop from 30-foot
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Timie Hitstory of Kinctic, Plasiic and Hastic Strin Energies in the Baglers 3013 Gan with ¢ Steel
Cylindrical Misss ingide Draring the Wedegree Inclined Upside Dewn Top Drop from Sfoo fcalculated
with ABAQUS version 581 on Cray 1916}
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Figure 30. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 10-degree Inclined Upside Down Top Drop from 8-foot

Time History of Kinetic, Plaxtic and Elastic Strain Energies in the Bagless 3013 Can with a Steel
Cpfinabric Miuss irside During the 2idegree Inclined §p-side Dwn Top Drnp from Refoot fcalculated
with ABAQUS vervion S8t o Cray J916)
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Figure 31. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 20-degree Inclined Upside Down Top Drop from 8-foot
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Teme History of Kinetic, Plastic and Elastic Sozin Encrgies in the Bagless 3019 Can with # Steel
Crlindricel M inside During the (25.4845-degree) Inclined Up-side Down Top Drop Allgrod with Mes
Cenler from Eofood (ABAQUS ersion $.8-T on Cray J916)
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Figure 32. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 25.4845-degree Inclined Upside Down Top Drop Aligned
with Mass Center from 8-foot

Time Histury of Kinedic, Plastic and Eiastic $train Encrgicr in the Baglexs 3013 Gt with a Stec
Cylindrical Mass inide Dwring the 3-degree Inclinted Up-side Davwn Tap Drop froen 8 fout (eakowleted
With ABACUS versian 581 on Cray 1916}
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Figure 33. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 26-degree Inclined Upside Down Top Drop from 8-foot
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Tone History of Kinetic, Plasiic and Elnstic Strain Exergles in the Bagless 3013 Can with « Steel
Cylindrical Miast inside During the 36-degree Foictimed Upmside Diwn Top Drnp from 8ot {calcadoted
with ABAGUS version $.8-1 on Cray J9I6)
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Figure 34. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 30-degree Inclined Upside Down Top Drop from 8-foot

Time History of Kinetlc, Plastic and Elasic Strain Energies in the Bagless 3013 Catt with a Steel
Cindrical Mass instde Dusing tse d0-degree Inclined Up-side Pown Top Drop froor &-fout (cdculated
with ABAQUS vervion 5.8-I on Cray 1916)
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Figure 35. Time History of Kinetic, Plastic and Elastic Strain Energles
during the 40-degree Inclined Upside Down Top Drop from 8-foot
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Time Histary of Kinetic, Plastic and Flestic Sercént Energies in the Bagless J0I3 Cart with a Sieel
Cylindrical Misss inside Duririg the S0-degree Inclinad Up-side Down Tog Drop fram &-foot (cdlculated

with ABAQUS wersionS.8-1 on Cray J916)
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Figure 36. Time History of Kinetic, Plastic and Elastic Strain Energies
during the50-degree Inclined Upside Down Top Drop from §-foot

Time History of Kinetic, Plastic and Elastic Strain Energier in the Baglevs 3013 Can with o Steel
Cylindrical A invide During the $0-degree Inclined Up-side Duwn Tup Drop frim 3-faot (cals wlaied
* With ABAQUS vervion S.8-F om Cray JUI6)
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Figure 37. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 60-degree Inclined Upside Down Top Drop from 8-foot
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Time History of Kimetlc, Plastic and Elasilc Strein Energica im the Boglexs 3013 Can with o Stoel
Chlindrical Meacx incide During the Ti-degree Inclined Up-ride Down Top Drup froe Bfood feadewlated
with ABAQUS version 5.8-1 on Cray J9I16)
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Figure 38, Time History of Kinetic, Plastic and Elastic Strain Energies
during the 700-degree Inclined Upside Down Top Drop from 8-foot

TFirwe Fistory of Kimetic, Plaxtic and Flastic Strin Enerpies in the Bogless 3013 Gan with a Stedf
CWindriced Mass inside During the 80-degree Inclinad Up-side Dow Top Drop frome b-foot {calculated
with ABAQUS version 5.5 om Cray J916)
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Figure 39. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 80-degree Inclined Upside Down Top Drop from 8-foot
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Tiuue Hissory of Kinetic, Plastic snd Elastic Strain Energies in the Bagless 3013 Can with « Stect
Crlindrival Mas: inside During the M-degres [oclipod Botion Drop frow d-foot (calculstod with A BADUS
warsion 5.5 1%vn Cray J916)
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Figure 40, '11me History ot Kinetic, Plastic and Elastic Strain Energies
during the 10-degree Inclined Bottom Drop from 8-foot

Time History of Kinetic. Plastic and Flastic Strain Exergies in the Baglecs W3 Com with o Stosd
Cylindricei Mass inside During the 20-degree Inclined Botinm Drop from Y-foot (calcuiated with ABAQUS
version 5.8-1¥ on Cray 1916)
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Figure 41, Time History of Kinetic, Plastic and Elastic Strain Energies
during the 20-degree Inclined Ratinm Drop from £-foot
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Time Histary of Kinetic, Plastic and Elastic Strain Energies in the Baglexs 3013 Con with o Steel Time History of Kisetle, Flastic and Elaseic Strain Energles in the Bapless 2073 Can wick 8 Sieel
Cylindricat Mass inside During the Inclined Boltom Drop from 8-foot Aligned with the Center of Mass Cylindrical Miuss incide During the #0-degree Inclined Botiom Drop from B-foot (calewluzed with ABAQUS
(calculated with ABAQUS vervion 5.8-19 on Cray J916) verzion $.5-1% an Cray J918)
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Figure 42. Time History of Kinetic, Plastic and Elastic Strain Energies Figure ‘;4 '.Tlmil-l;;tc:jry of Klmelt_lc.c}:’glstlc ang ElanIlC St;a;n Energies
during the 25.4845-degree Inclined Bottom Drop Aligned with Mass uring the 40-degree Inclined Bottom Drop from 8-foot
Center from &-foot .
Fime Hislory of Kinetic, Plastic and Elastic Sorain Energies in the Baglexs 3013 Can with a Steel
Cylindrical Masz inxide During the 50-degree Inclined Bottom Dyop frowmt 8-food (calculated with ABAQUS
Timme History of Kinetic, Plastic and Elastic Strain Encsgics in the Bagless 3613 Can with a Steet rersioa 5.4-19 an Cray J916)
Cytindrical Mass inside During the Hidegree Inclined Bottom Drap from 8-foot fcalewlated with A BAQUS T I P I R R -
veraion 5.4-1% on Cray J916) =t -
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Time millcecuncsy Figure 45. Time History of Kinetic, Plastic and Elastic Strain Energies
Figure 43. Time History of Kinetic, Plastic and Elastic Strain Energies during the 50-degree Inclined Bottom Drop from 8-foot

during the 30-degree Inclined Bottom Drop from 8-foot
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Time History of Kinetic, Plastic and Elastic Struin Energics b the Baglers 3013 Caw with a Steel
Cylindrical Mass inside During the 60-degree Inclimed Bottom Drap frow 8-fool (colcuiated with ABAQUS

version 3.5-19 or Cray J916)
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Figure 46. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 60-degree Inclined Bottom Drop from 8-foot

Time History of Kinelic, Plastic and Elastic Strain Energies in the Baglexs 3013 Can with o Stee!
Cylindrical Mass inside During the T0-degree Inclined Botom Drop fram B-food (calcaiated with ABAQUS
vervion S.8-19 on Cray J976)
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Figure 47. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 70-degree Inclined Bottom Drop from 8-foot
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Time History of Kinetic, Plastic and Elastic Strain Energies in the Bagicss 3013 Can with & Steel
Cylindrical Maxs invide During the 80-degree Inclined Bottoms Drop from S-foot (calcukated with ABAQUS

version 5.8 1¥on Cray J916)
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Figure 48. Time History of Kinetic, Plastic and Elastic Strain Energies
during the 80-degree Inclined Bottom Drop from 8-foot
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Figure 49. Contour Plot of Equivalent Plastic Strain in the Vessel with
Uniformty Distributed Mass at the End eof 32-degree Inclined Upside
Bown 30-foot Drop
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) ] ) . Figure 52. Contour Plot of von Mises Equivalent Stress in the Vessel
Figure 50, Contour Plot of von Mises Equivalent Stress in the Vessel with Steel Cylindrical Mass at the End of 20-degree Inclined Upside
with Uniformly Distributed Mass at the End of 32-degree Inclined Down 30-foot Drop
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Figure 53. Contour Plot of Equivalent Plastic Strain in the Vessel with
Steel Cylindrical Mass at the End of 25.4845-degree Inclined Upside

Figure 51. Contour Plot of Equivalent Plastic Strain in the Vessel with
Down 8-foot Drop

Steel Cylindrical Mass at the End of 20-degree Inclined Upside Down
30-foot Drop
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Figure 54. Contour Plot of von Mises Equivalent Stress in the Vessel Figure 56. Contour PIdt of von Mises Equivalent Stress in the Vessel
with Steel Cylindrical Mass at the End of 25.4845-degree Inclined with Steel Cylindrical Mass at the End ot 27.817//-degree Inclined
Upside Down 8-foot Drop " Bottom 8-foot Drop.

Figure 55. Contour Plot of Equivalent Plastic Strain in the Vessel with
Steel Cylindrical Mass at (lie End of 27.8177-degiee Inclined Bottom
8-foot Drop




